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Development of a  
branching pattern
Many organs, including the kidney, are composed of highly rami-
fied tubular networks, each with a distinct architecture tailored 
to its physiological function. How such networks are generated 
during development and how the developmental patterning infor-
mation is encoded have long fascinated biologists and mathemati-
cians. However, models have been limited by a lack of information 
regarding the normal sequence and pattern of branching events. It 
is known that the bronchial tree of the human lung has more than 
105 conducting and 107 respiratory airways arrayed in an intricate 
pattern crucial for oxygen flow. But studies of lung structure have 
failed to show how the information required to generate a tree of 
such complexity is biologically encoded. Individually configuring 
the many thousands of branches, to specify when and where each 
branch forms, and the size, shape, and direction of outgrowth of 
each branch during development, would require a tremendous 
amount of patterning information, far more than is biologically 
plausible. One possibility is that the process is not precisely control-
led; for example, branching may occur randomly to fill available 
space. Alternatively, control is precise but coding is simplified by 
repeated use of a branching mechanism. The bronchial tree devel-
ops by branching of the airway epithelium into surrounding mes-
enchyme. Although currently the process cannot be visualized in 
living embryos, Metzger et al. reasoned that they could reconstruct 
the branching sequence from fixed specimens. They developed an 
immunostaining procedure to visualize the full three-dimensional 
structure of the bronchial tree in fixed lungs. Examination of hun-
dreds of mouse specimens collected between embryonic day 11 
(E11) and E15 revealed that the branching pattern was remarkably 
stereotyped. The authors then reconstructed the sequence of events 
— where, when, and in what order branches form — in a lineage 
diagram representing the developmental history of the bronchial 
tree. They found that three branching modes were used repeatedly 
throughout the lung, which they named domain branching, pla-
nar bifurcation, and orthogonal bifurcation (Figure). These three 
branching modes, used at many different times and positions, 
account for nearly all branching events in the first 5 days of lung 
development and are geometrically simple and easy to encode. The 
authors propose that each mode is controlled by a locally operative, 
genetic subroutine—a series of discrete patterning and morpho-
genesis events. This hierarchical and modular program appears to 
be genetically tractable, and ideally suited to encoding and evolv-
ing the complex networks of the lung and other branched organs. 
(Nature 2008; 453: 745–750; doi:10.1038/nature07005)
Qais Al-Awqati
pH imaging in vivo 
 using bicarbonate
Acid–base balance is tightly controlled in mammalian tissue. The 
main extracellular buffer is bicarbonate (HCO3–), which resists 
changes in pH through interconversion with carbon dioxide (CO2) 
in the reaction catalyzed by the enzyme carbonic anhydrase. Many 
pathological states are associated with changes in tissue acid–base 
balance, including inflammation, ischemia, renal disease, chronic 
lung disorders, and intrauterine abnormalities. Needless to say, pH 
measurements of body fluids can give an indication of systemic acid–
base imbalance, but currently no clinical tool is available to provide 
an image of the spatial distribution of pH in humans. Probe mol-
ecules for measuring in vivo pH have been developed for magnetic 
resonance spectroscopy, magnetic resonance imaging, and positron 
emission tomography. Although some of these techniques have been 
used for pH imaging in vivo in animal models, their low sensitivity 
and the need in some to inject exogenous probe molecules that may 
be toxic have limited their applicability in clinical practice.
Gallagher et al. now report the use of a nontoxic pH probe that 
exploits the endogenous mammalian physiological buffering sys-
tem with a technique that is independent of probe concentration 
and most sensitive in the pH range of interest. They used dynamic 
nuclear polarization, which is an emerging technique for substan-
tially increasing the sensitivity of magnetic resonance imaging. 
Lungs with branches pseudo-colored blue (domain branching), green 
(planar bifurcation), or red (orthogonal bifurcation) to indicate the 
branching mode used to form the branch.
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Imaging of tumor pH in vivo. (a) Transverse proton magnetic resonance 
image of a mouse with a subcutaneously implanted tumor (outlined 
in red). (b) pH map of the same animal calculated from the ratio of 
the H13CO3
– (c) and 13CO2 (d) intensities in images acquired about 
10 seconds after intravenous injection of H13CO3–. The tumor margin in 
b–d is outlined in white.
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They found that tissue pH can be imaged in vivo from the ratio of 
the signal intensities of hyperpolarized bicarbonate (H13CO3– ) and 
13CO2 following intravenous injection of H13CO3–. The technique 
was demonstrated in a mouse tumor model, which showed that 
the average tumor interstitial pH was significantly lower than that 
of the surrounding tissue (Figure). Given that bicarbonate is an 
endogenous molecule that can be infused in relatively high con-
centrations in patients, this technique could be used clinically to 
image pathological processes that are associated with alterations 
in tissue pH, such as cancer, ischemia, and inflammation. (Nature 
2008; 453: 940–943; doi:10.1038/nature07017)
Juan Oliver
Dopamine 5 receptor mediates Ang II 
type 1 receptor degradation
It is well known that dopamine plays an important role in the 
regulation of renal function and blood pressure, and that it exerts 
its actions via a class of cell-surface receptors coupled to G pro-
teins that belong to the rhodopsin family. Dopamine receptors, 
initially cloned from the brain, are widely expressed throughout 
the body, including the kidney. Specifically, renal tubules can pro-
duce dopamine, suggesting an autocrine or paracrine function. 
Dopamine receptor 5 (D5R) is widely expressed in the proximal 
and distal tubules, cortical collecting ducts, medullary ascend-
ing limbs of Henle, and arterioles. Mice with deletion of the D5R 
gene (Drd5–/–) are hypertensive and salt sensitive. Studies using 
antisense oligonucleotides suggest that D5R is a negative regula-
tor of the angiotensin receptor AT1R, and that renal AT1R protein 
expression is greater in mice without the D5R gene than in those 
with the gene, indicating an important downregulatory function 
of D5R on AT1R. Li et al. now investigate the in vivo and in vitro 
interaction between D5R and AT1R. They confirmed that disrup-
tion of the gene encoding D5R increased both blood pressure and 
AT1R protein expression, and that the increase in blood pressure 
was reversed by AT1R blockade. Remarkably, activation of D5R 
increased the degradation of glycosylated AT1R in proteasomes 
in human embryonic kidney (HEK) cells and human renal proxi-
mal tubule cells that heterologously and endogenously expressed 
human AT1R and D5R. The authors also found that activation 
of D5R initiated ubiquitination of the glycosylated AT1R at the 
plasma membrane (Figure). The regulated degradation of AT1R 
via a ubiquitin–proteasome pathway by activation of D5R provides 
a novel mechanism whereby blood pressure can be controlled by 
the interaction of two counterregulatory G protein-coupled recep-
tors. This study therefore suggests that treatments for hypertension 
might be optimized by the design of compounds that can target 
both receptors, AT1R and D5R. (J Clin Invest 2008; 118: 2180–2189; 
doi:10.1172/JCI33637)
Juan Oliver
Human metabolic phenotype 
diversity and its association with 
diet and blood pressure
Above-optimal blood pressure is a major risk factor for cardio-
vascular disease and is highly prevalent in most adult popula-
tions. Multiple epidemiologic studies have shown that salt, alcohol 
intake, and body mass relate directly to blood pressure; dietary 
potassium is inversely related. Studies also suggest that several 
other nutrients are likely to influence blood pressure, but their 
identities remain undefined. To clarify the influences of multi-
ple nutrients on blood pressure, Holmes et al. analyzed a cross-
sectional epidemiologic study of approximately 5,000 men and 
women aged 40–59 years from 17 diverse population samples 
in China, Japan, the United Kingdom, and the United States 
that began in 1996. Individual intake of 76 nutrients from four 
24-hour dietary recalls per person was assessed by standardized 
high-quality methods. In addition, two timed 24-hour urine col-
lections per person were obtained and analyzed. Using nuclear 
magnetic resonance spectrometry, Holmes et al. obtained the 
spectrum of thousands of metabolites contained in each urine 
sample, a process referred to as metabolomics. They found that 
urinary metabolite excretion patterns for East Asian and Western 
population samples, with contrasting diets, diet-related major risk 
factors, and coronary heart disease/stroke rates, were significantly 
different, as were Chinese and Japanese metabolic phenotypes, 
and subgroups with differences in dietary vegetable/animal pro-
tein and blood pressure. Among the discriminatory metabolites, 
they found four (alanine, formate, hippurate, and N-methylnicoti-
nate) that showed an association with blood pressure. These cross-
population metabolic differences contribute new information to 
the decades-long knowledge of East–West contrasting patterns of 
diet, diet-related major risk factors, and cardiovascular mortality. 
This tour de force study shows that metabolic phenotyping applied 
to high-quality epidemiologic data has the potential to develop 
a new avenue of etiopathogenetic knowledge involving discov-
ery of novel biomarkers related to risk for cardiovascular disease. 
(Nature 2008; 453: 396–400; doi:10.1038/nature06882)
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Dopamine 5 receptor mediates Ang II type 1 receptor degradation via 
a ubiquitin–proteasome pathway. HEK 293 cells containing AT1R and 
D5R were treated with vehicle (Veh) or fentanyl (Fen (5′)).
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